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An investigationhasbeenmadetodeterminethetransitioncharac-
teristicsofa groupof smooth,sharp-nosedconesvsryingfrom10°to 60°
inincludedapexangleovera Machnuuiberrangefrom1.61to 2.20anda
rangeoftunnelReynoldsnm.iberperfootmom about1.5x 106to 8 x 106.
Thetestsweremadeat zeroangleofattackandwithzeroheattransfer.

Theresultsindicatethatthegenerallevelof transitionReynolds
6numbervariedbetween6 x 10 and8 x 106whenbasedon surfacedistance

andlocalflowconditionsjustoutsidetheboundarylayer,andbetween
w and1,000whenbasedonboundsry-layermomentumthicknessandlocal
conditionsoutsidetheboundaryl~er. Increasingtheconeanglecaused
a moderatedecreaseindistancetransitionReynoldsnumber,togetherwith
a consequentdecreaseinmomentumtransitionReynoldsnumber.Changes
inMachnumberandunittunnelReynoldsnumberhadlittleorno effect
onthetransitionReynoldsnumbers.Whentransitionoccurredwithin15
to20percentofthemodellengthfromthebasethereusuallywasa &mp-
offintransitionReynoldsnumber.

INTRODUCTION I

Thestudyofboundary-lsyertransitionisof continuingimportance
inthedesignof supersonicandhypersonicairplanesandmissiles.The
stateoftheartisstillsuchthatrecoursemustbe hadto experimental
datainmakingestimatesof transitionReynoldsnurribers.Whilea &ge

bodyofexperimentaldataisnowavailableforstudy,thereis stilla
lackofdatawhereinsomeoftheparametersarevariedina systematic
mannerandtheresultsareobtainedina singlefacilityinwhichthe
apparentturbulencelevelandlocalflowirregularitiesaresmall.This
investigationwasundertakentofulfillsomeoftheneedforsuchresults.

ThetestsweremadeintheLsmgleyk- byA-footsupersonicpressure
tunnel,inwhichpasttestshaveindicateda relativelylowlevelof
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effectiveturbulenceandlocalflowirregularity.Fourbasicconeswere
used,withincludedapexanglesof10°,27°,45°,and600. ThetestMach
nuuiberswere1.61,1.82,2.01,and2.20,siidthetunnelunitReynolds m

numberrangevariedfromabout1.5x 106to 8x 106. An additionalcone
nearlytwiceas longasthebasicconeswasalsotestedata Machnumber
of2.01. Allconeshadsharpnoseswitha diameterorthicknessof
0.002inch,andalltestsweremadewiththemodelsat zeroangleof
attackandwithzeroheattransfer.TransitionWasdeterminedby tians
of schlierenphotography.

smEQLs

M Machnuniber

R Reynoldsnumber

s surfacedistancefromapex

Subscripts:

tr transition

w freestream

z localconditionsoutsideboundarylayer

e boundary-layermomentumthickness

APPARATUSANDMETHODS

WindTunnel

ThisinvestigationwasconductedintheLangley4-by k-footsuper-
sonicpressuretunnel,whichisa rectangukr,closed-throat,single-
returntypeofwindtunnelwithprovisionsforthecontrolofthepres-
sure,temperature,andhumidityoftheenclosedair. Flexiblenozzle
wallswereadjustedto givethedesiredtest-sectionBkchnumbersof I-.61,
l.&, 2.01,and2.20. Duringtheteststhedewpointwaskeptbelow-20°F
at atmosphericpressure;thereforetheeffectsofwatercondensationin
thesupersonicnozzlewerenegligible.
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Models

Themodelsusedinthisinvestigation(fig.1) consistedofthree
2k.CQ-inchsharp-noseconeswithapex.anglesof10°,27°,and45°, one
17.~-inchconewhoseapexanglemeasured60°,andone40.00-inchcone
whoseapexanglemeasured10°. Allmodelswereconstructedof steel
andwereyolishedto a mirrorlikefinish,whichpastexperienceindi-
catestobe representativeofa surfaceroughnessoflessthan~ micro-
inchesroot-mem-square.Thenosesoftheconeswereapproximately
0.002inchindiameterorthickness.A photographofthemodelsispre-
sentedas figure2. It shouldbe mentionedthatthebaseof the60°cone
wasmodifiedby cuttingdownandbevelingin orderto getan effective
decreaseinthearearatiosothatthetunnelwouldstart,at least,at
thehighesttestMachnumber.Allmodelswerestingmountedforthetest,
thelengthsoftheshortandlongstingsbeing~ andlC$inches,respec-

tively.Someofthemodelsweremadeintwoparts.Carewastaken
thatthejointbetweenthepsrtswasfairedsmooth.

Tests

All.testswereconductedwiththemodelsat zeroangleofattack.
ThetestswereconductedatmeanMachnumbersof1.61,1.82,2.01,
and2.20,butthe45°and60°conesweretestedonlyat thehigherMach
numbersbecauseoftunnelchoking.ForalltestMachmnibersandcone
anglesthenoseshockwasalwaysattached.Calibrationsofthetest-
section flowhaveindicatedthatlocalvariationsofMachnumberare
smallerthan0.02forMachnumbersof1.61,1.82,and2.o1. No cali-
brationhasbeenmadefora Machnwiberof2.20.

Testsweremadeby stsrtingat lowtunnelstagnationpressuresand
advancingtothehigherpressures.Tunnelstagnationpressurevaried
fromabout~ to4,300lb/sqft,whichcorrespondsto a rangeof tunnel
Reynoldsnuniberperfootfkmnabout1.5x 106to 8X 106. Thetunnel
stagnationtemperaturevariedfromabout95°to 130°F. Wheneverdata
weretobe recordedthetunnelwasbroughttothedesiredpressureand
heldtherefora periodof timethat,Judgingfrompastexperience,was
sufficientto insureequilibriumconditions.Lightflashesofapproxi-
mately4 microseconds’durationwereusedtorecordthelocationof
transitionby meansof schlierenphotography.EYomthreeto tenpictures,
withanaverageof sti,weretakenat eachtunnelpressure.Sinceequi-
libriumconditionsexistedat thetimeofrecordingthedata,therewas
no transferofheat.

Somedifficultywasencounteredwithsandblastingeffectson the
modelsat thehighertunnelstagnationpressuresbecauseofparticles
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flyingthroughthetunnel.Thissandblastingresultedineithermodel
pittingortheraisingof smallprotuberanceswhichcouldhaveaffected
transition.Whereitwasbelievedthatthedatamightbe affected,the

b

modelswererepolishedandrerunsweremade. Subsequentanalysisindi-
catedthatallthedataobtainedontheconeswiththesharp(0.002inch)
noseswerefreeofanyeffectsof sandblasting.

DataReduction

Locationoftransitionwasdeterminedby examinationof theschlieren
photographsby twoormorereaders.Thetransitionlocationsdetermined
by thedifferentreaderswerethenaveragedateachtunnelstagnation
pressureandtheaveragevaluewastreatedas a singletestpoint.In
mostinstancesthedifferencesinthetransitionlocationsdeterminedby
thevarious readerswerenegligible.Boundary-l~ermomentumthickness
wascomputedby themethodofreference1. Mangler’stransformation
(ref.2),whichgivesthegeneralrelationshipbetweentwO-dben6i0nal
andaxiallysymmetricalboundavlayers,wasem@oyedtoreducetheflat-

—

platecalculationstothosefora conicalbody. Flowconditionsonthe
conesurfaceswereobtainedwiththeaidofthetablesinreference3,
withtheassumptionthatnoboundarylayerwaspresent. .

*

RESULTSANDDISCUSSION
s

GeneralRemarks

Beforethequantitativeaspectsofthetransitionphenomnaare
discussed,a fewremarkswillbe madeaboutthequalitativeresultsof
theinvestigation.First,thetransitionphenomenawereunsteady,the
transitionfrontoscillatingperhapsasmuchas 10percentforwardor
rearwardof itsaveragelocation.Thegreatestunsteadinessusually
occurredwhentransitionwaslocatedonthelast15 or20percentofthe
modellength.Inaddition,a nuniberofburstsofturbulencejustahead
of ormergingwiththemaintransitionpointwerediscernedinthescblie-
renphotographs.Theseburstswerediscountedinestablishingtheloca-

—

tionofthemainfront.Examinationoftheavailablephotographsdid
notrevealanyreliableevidenceofanyburstsofturbulenceveryfar

—

aheadoftheaveragetransitionlocation;henceitappearsthat,nomat-
terwhatthepointoforigin,theburstssustainedtheirmaingrowthin
a relativelyshortregionJustaheadoftheaveragefront.

—

TransitionReynoldsNumber —

Thequantitativeresultsofthisinvestigation,witha fewexcep-
tions,arepresentedas functionsqflocalReynoldsnuniberatvarious

--
●

—

.
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localMachnuuibersbecausethelocalflowconditionsonthesurfaceof
theconebehindthenoseshockandjustoutsidetheboundarylayerare
fundamentalto theproblem.Forconveniencein crossreferencing,the
free-streamMachnumbersusuallyarealsoincluded.

Thelocationoftheaveragetransitionpointalongthemodelsurface
as a functionof 10CSJ.Remoldsnuder perfootforthevariouscone
anglesiSpresentedinfigure3. Includedineachplotaretwolines,
a long-dashlineindicatingtheslopecorrespondingtoa constanttransi-
tionReynoldsnumbersnda short-dashlineindicatingmodelsurface
length.Datapresentedinthisfigure,particularlythatfromthemost
forwardtransitionlocationsinvestigatedtoabout80to 85percentof
modellength,showedfairlygoodagreementwiththeslopeforconstant
transitionReynoldsnumber.Whentransitionoccursfartherrearward,
a dropoffintransitionReynoldsnunibergenerallyoccurs.Infigure3(a),
at ~. 2.01,the40-inch10°coneshowsa dropoffat a lowerunitlocal
Reynoldsnumberthanthe24-inch10°cone; however,thedropoffoccurs
at aboutthesame80-to ~-percentstationonbothmodels.Thisresult
suggeststhattransitionnearthemodelbasemaybe affectedby thetur-
bulenceintheseparatedwakeat thebase. Thefactthattransition
couldbe affectedas faraheadofthebaseas 15 or20percentofthe
modellengthwhenthesubsonicportionof theboundarylayeris sothin
doesn’tappeartobe reasonable.Thepossibilityexiststhattheextent
of theforwardinfluencemaybe connectedin somewaywiththeincreased
oscillationof thetransitionfrontnearthebaseofthemodelthatwas
mentionedpreviously.Calculationsshowthatthedecreaseintransition
Reynoldsnumiberoccursat aboutthesamedistanceforwardofthebaseon
bothconeswhenthedistanceisexpressedasa multipleoftheboundary-
layerthickness.Anotherpossibilityis thattheremaybe someheat
transferwithinthemodelmaterialnearthebasebecauseofthedifference
betweentherecoverytemperaturesonthemodelsurfaceamdthemodelbase
dueto separatedflowat thebase.

Anotherpointthatshouldbe mentionedisthatthetestsofthe
kO-inch10°coneweremadespecificallyto determinewhetherchangesin
unitReynoldsrnuiberhadanyeffectontransitionReynoldsnuniber.Hence
a largernuniberof schlierenphotographsat a largernumberoftunnel
pressureswereobtainedforthe40-inchmodelthanforthe24-inchmodels.
A comparisonofthesee~erimentalresults,exclusiveofthoseforthe
last5 to10 inches,withtheslopeforconstanttransitionReynoldsnum-
berleadstothesameconclusionaswasderivedfortheshortermodels.
Theeffectoftunnelpressureontransitionwassmall,if itexistedat
all.,whenthelast15or 20percentof themodellengthwasneglected.

variationsof Rs,tr withunitlocalReynoldsnumbersrepresented
infigure4. Thegenerallevelof Rs,tr isabout6 x 106to 8X 106
exclusiveoftheresultsforthelast15to20percentofthemodel
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lengths.Thisisa higherlevelthanthatob.~inedinmostsupersonic
windtunnels(seerefs.4 and5)andsuggeststhattheresultsarerela-
tivelyfreeoftunnelturbulenceeffectsandlocalflowirregularities.

.

Thedataalsoindicatea decreasein Rs,tr with= increaseincone
/

angle. At ~= 2.20 thisdecrease.amountstoabout1.5x 10°foran
increasein coneanglefromI.OOto60?. There”sultssuggestthatthis
effectmaybe strongeratthelowerMch numbers(compare10°and27°cones
overthe.Machnumberrange)butmoredataarerequiredto establishthis
pointdefinitely.Thereappearstobe llttle__ifanyeffectofMch number
ontheresults,a resultsomewhatin contradictiontotheindicationsof
mostotherwind-tunnelinvesti~tionstkt Rs,tr decreaseswith~ch
nuniber.(Seerefs.5t08. )

Figure~ showsvariationsofthemomentumtransitionRe~oldsnum-
ber Re ~r with Rz perfoot,withconeangleand?&chnuniberas.~ .—
parameters.A compositeplotof Re,tr asa functionoflocalunit
Reynoldsn~ber,witheitherconean&LeorMachnumberidentified,is
presentedas figure6 forgreatereaseinmakingcomparisons.Therange
‘f ‘e.tr extendedfromabout900to 1,000andremainedfairlyconstant;
Re,tr‘hadonlya slighttendencytodecreasewithincreasein coneangle.
Againthereislittleorno effectofMachnumber. 6

Forthesakeofgeneralinterest,thetransitionresultsareplotted
againstunittunnelReynoldsnumberinfigure7. Theredonotseemto K
be anysignificantchangesfromfigure6.

SUMMARYOFREEWLTS

An investigationhasbeenmadeto determinethetransitioncharac-
teristicsofa groupof conesvaryingfrom10°to 60°inincludedapex
angleotera kch numberrangefrom1.61to 2.20anda rangeoftunnel

Reynoldsnumberperfootfrom1.5x 106to 8X 106. Theresultsindicate
that:

1.ThegeneralleveloftransitionReynoldsnumiberveiedbetween
6x 106and8x 106whenbasedon surfacedistanceandlocalflowcon-
ditions~ustoutsidetheboundaryMyer,~d between900~ 1~~ when
basedonboundary-layermomentumthicknessandlocal.conditions.

2. Increasingtheconeanglecauseda moderatedecreaseindistance
transitionReynoldsnumbertogetherwitha consequentdecreaseinmomen-
tumtransitionReynoldsnuniber.
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3. ChangesinMachnuuiberandtit tunnelReynoldsnuriberhadlittle
orno effectonthetransitionReynoldsnuniber.

4.Whentransitionoccurredwithin15to20percentofthemodel
lengthfromthebasethereusuallywasa dropoffintransitionReynolds
nuniberwhichmaybe connectedwiththeturbulenceintheseparatedwake
orwithheattransferwithinthemodelmaterialnearthebasebecause
of thedifferencebetweentherecoverytemperaturesonthemodelsur-
faceandthemodelbasedueto separatedflowat thebase.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,July2, 1958.
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